We analyze the charge-parity (CP) asymmetry in the charged Higgs boson decays to chargino-
I. INTRODUCTION
The Large Hadron Collider (LHC) at CERN is expected to unravel the mysteries of electroweak symmetry breaking as well as provide signals of physics beyond the Standard Model (SM). One would hope that in the first instance, the Higgs boson would be found. In the SM, there is only one physical (neutral) Higgs boson. Should a charged scalar particle be found, one would have to unravel the underlying physics, as most frameworks beyond SM predict charged Higgs bosons. The simplest and the most popular of such models are the two Higgs doublet model(s) and supersymmetric models. One could distinguish among the "new Higgs" by testing their charge-parity (CP) properties. In the (SM) the CP breaking occurs through only one weak phase in Cabibbo-Kobayashi-Maskawa (CKM) matrix. The observed direct CP violations in K [1] and B [2] decays can be accommodated via the CKM matrix in the SM. Models beyond the SM contain several new sources of CP violation, some of which could affect Higgs boson decays. The minimal supersymmetric standard model (MSSM) contains many parameters which can in principle be complex, even after making all allowed rotations to get rid of unphysical phases.
Such new sources of flavor and CP violation give rise to enhanced CP violation, some of which could provide distinguishing signs for MSSM at present and future colliders. In a previous work [3] , we discussed the CP asymmetry in charged Higgs decays H − →ū i d j in the framework of the MSSM, whereū i d j =cb,cs,tb,ts. We showed that, although the channelsts andcs have sizable CP asymmetry with respect to the channelstb andcb, this result has to be taken with caution since the formers have very small branching ratios (Br's) which makes them harder to observe. We calculated (A 2 CP × Br) −1 [4] for each decay mode, which is proportional to the number of required charged Higgs bosons produced at colliders 1 to observe an asymmetry for a given channel [4, 5, 6] . Based on this analysis, we concluded that H − →cb and H − →tb are the the optimal channels which could reveal a measurable CP asymmetry at the order of 10 − 15%.
In this study, we calculate the CP asymmetry in charged Higgs decays in the purely supersymmetric mode H ± → χ However, if we also include low energy phenomenology constraints coming from b → sγ, (g − 2) µ , ∆ρ and electric dipole moments, the predicted asymmetry and the allowed parameter space are considerably reduced.
The outline of the paper is as follows. In the next section, we briefly review the CP structure of the MSSM. The processes and the method of calculation are outlined in Section III and the numerical analysis of the decays under consideration are presented in the Section IV. Finally, we conclude in Section V, and give the relevant analytical expressions in the Appendix.
II. THE CP STRUCTURE IN THE CHARGINO AND NEUTRALINO SECTORS OF THE MSSM
In addition to the CP violation induced by the CKM matrix in the quark charged current, CP phases can be introduced explicitly in the MSSM, by complex Yukawa couplings of Higgs bosons to quarks and squarks. New supersymmetric-only sources of CP violation in MSSM are: the soft supersymmetry breaking gaugino masses M α , α = 1, 2, 3; the bilinear Higgsino coupling parameter µ; and the soft supersymmetry breaking trilinear scalar coupling of the Higgs bosons with scalar fermions f , A f , f = u, d, c, s, t, b, e, µ, τ . In principle, each of these parameters can have independent CP-phases, making a general analysis of CP violation or asymmetry very complicated. We make several simplifying assumptions. First, we assume that at the unification scale the gaugino masses have a common phase and the trilinear couplings are all equal and have another common phase. In order to avoid known problems with the Electric Dipole Moments (EDMs) [7] , one could deviate from exact universality and consider A f to be diagonal in flavour space with vanishing first and second generation couplings. This leaves independent phases in µ, M α and A f . However, the symmetries of the MSSM can be used to re-phase one of the Higgs doublet fields and the gaugino fields such that M α are real [8, 9] . In addition, the CP-violating phases associated with the sfermions of the first and second generations are severely constrained by bounds on the EDMs of the electron, neutron and muon [10] and this limits arg(µ), which cannot exceed values of the order of 10 −2 − 10 −3 .
There have been several proposals [11] - [13] to evade these constraints without suppressing the CP-violating phases. One possibility is to arrange for partial cancellations among various contributions to the EDMs [13] . Another option is to make the first two generations of scalar fermions rather heavy, of order 3 TeV, so that the one-loop EDM constraints are automatically avoided. One could invoke the effective SUSY models [12] where decoupling of the first and second generation sfermions are used to solve the SUSY Flavour Changing
Neutral Current (FCNC) and CP problems without spoiling the naturalness condition. We adopt the latter version of a CP-violating MSSM for our analysis, along with A f = 0 for the first two generation sfermions. We also simply neglect arg(µ) and consider µ real. Thus, we assume that the only non-zero phases emerge from the trilinear couplings A t,b,τ and we assume a common phase
The superpotential W of the MSSM Lagrangian and the relevant part of the soft breaking Lagrangian L squark soft are respectively The CP violation effects enter the Higgs decays to chargino and neutralino at one loop only through loops containing scalar quarks. For simplicity, and to avoid introducing new parameters, we neglect flavor mixing in the scalar quark mass matrix. The scalar quark mass is taken as:
The CP-violating phases arg(µ) and arg(A t,b ) could in principle be measured directly in the production cross sections and decay widths of (s)particles in high energy colliders [8] , [14] - [16] or indirectly via their radiative effects on the Higgs sector [8, 15] .
The mass squared matrix for the scalar τ lepton is similar to the one for b-squark, with the appropriate substitutions. Here we assume µ real and a common phase for A t and A b . Note that we neglect the effects of A c,s since they are multiplied by the charm or strange quark mass. Here tan β is the ratio of the vacuum expectation values of the two neutral Higgs bosons.
We summarize the basic properties of the charginos and neutralinos entering in the calculation of the CP asymmetries, as well as give the basic couplings between them and the scalar quarks entering the loop calculations. For more information, see [17] .
The charginos χ 5) where M 2 is the soft SUSY-breaking SU(2) L gaugino mass parameter and µ is the Higgsino mass parameter. The relevant Lagrangian terms for the quark-down squark-chargino interaction are given by 6) where the index σ refers to chargino mass eigenstates. Y Their mass matrix Y is given by
The relevant Lagrangian terms for the quark-up squark neutralino interaction are 8) where N is the rotation matrix which diagonalizes the neutralino mass matrix M χ 0 ,
).
In all of the above interactions, CP violation arise from arg(A t,b ). Though we include squark contributions only for simplification, sleptons contribute too in an analogous manner.
We check the sensitivity of the CP asymmetry to arg(A τ ) as well.
III. CHARGED HIGGS DECAYS H
The relevant Feynman diagrams for calculating the CP asymmetry in charged Higgs decays to chargino-neutralino pairs are shown in Fig. 1 . There are indeed more than 120
Feynman diagrams contributing at one-loop level but based on our choice of the CP phases the list goes down to eleven diagrams given in Fig. 1 .
The CP asymmetry is defined as: do not generate a CP asymmetry by themselves, we estimate the CP asymmetry from the interference of tree and one-loop diagrams, which dominate over corresponding contributions from loop-loop terms. We show in Fig. 1 the tree level and the one-loop graphs which only contribute to the asymmetry (i.e., the ones with scalar fermions in the loop).
One convenient way of calculating CP asymmetry is to extract the absorptive part of the loop diagrams by applying the Cutkosky rules [18] . For self-energy type diagrams there is 
The unitarity cuts for self energy (a) and vertex type (b) generic diagrams.
see Ref. [3] . cuts, but this time the mass of the chargino or neutralino has to be greater than the sum of the masses of the internal particles where we cut through. Some analytical formulas are given in Appendix for the horizontal and vertical cuts in a generic way, rather than giving lengthy analytical results for the imaginary parts.
We generate the amplitudes using FeynArts [19] and proceed with our own code for the rest of the calculation. In the numerical calculation we checked our results for the imaginary parts of the two-point and three point diagrams with the package program LoopTools [19] and found close agreement. Also, for the numerical diagonalizations of chargino, neutralino and scalar quark mass matrices, we cross checked our routines with the Hahn's routines Diag [20] . GeV. This is not the case at large tan β (the case for low tan β is similar to the case for high tan β and we do not graph it separately). In these cases, in the heavy Higgs mass region, the eight chargino-neutralino channels split into two groups; We first check the sensitivity of the CP asymmetry to the free parameters and phases and then scan the sensitive parameters for the maximal asymmetry on a multidimensional parameter space. At each stage we show both the regions allowed by imposing only supersymmetric mass limits, and then show the parameter regions excluded by imposing the experimental constraints coming from b → sγ, (g − 2) µ , ∆ρ and EDMs. The current experimental mass lower bounds considered are mũ ,τ > 96 GeV, md > 89 GeV, m χ 0 > 50 GeV, and m χ + > 94 GeV [22] . The constraints we included to restrict the CP asymmetry are: (g − 2) µ ≤ 40 × 10 −10 [23] and |∆ρ| ≤ 10 −3 [22] ; as well as electric dipole moment constraints: |d n | < 6 × 10 −26 e.cm for neutron [22] , |d Th | < 1.6 × 10 −27 e.cm for thallium 3 [24] , and |d Hg | < 2 × 10 −28 e.cm for mercury [25] . For b → sγ we use at 3σ [26] 2.53 × 10
The calculation and inclusion of these bounds have been done with the use of FeynHiggs [21] . We don't impose SUSY GUT relations for gaugino masses. Since the b → sγ decay can be accommodated by a rather heavy gluino mass, and this does not influence our results for the CP asymmetry, this assumption allows us to keep M 2 rather light. So, we assume a gluino mass of mg = 5 TeV but express M 1 in terms of M 2 using GUT relations. We find that inclusion of the experimental constraints not only restricts the parameter space but also has a significant effect on the CP asymmetry overall.
In Fig. 4 , the CP asymmetry is depicted as a function of a common trilinear coupling A 3 The upper bound is indeed the translated one on the electron EDM d e . for the third generation lepton and quarks, assuming they share a common phase, arg(A).
The Higgs mass is assumed rather heavy, 1 TeV. The maximal CP asymmetry is obtained at arg(A) = π/2 which is still allowed after excluding the experimentally disfavored region. The largest asymmetry is obtained for the channels
. As expected the larger |A| is, the bigger the asymmetry becomes. In these figures, almost all the contribution to the asymmetry comes from the interference of the vertex diagram # 7 in Fig. 1 with tree level. The asymmetry at maximum is around 0.1% for
and much smaller for the rest. Although we did not include it in a separate figure, we also analyzed the CP asymmetry as a function of the phase of A b by assuming the other phases zero, and separately for the phase of A τ and found no significant effect. Assuming no phases from A b and A τ leads to no contributions to A CP from the diagrams # 3, 6, 8, 9, and 10. This has been verified numerically.
In the next figure, Fig. 5 , as we vary µ in the (−500, 500) GeV range, the magnitude of the CP asymmetry becomes as large as (0.3 − 0.5)% for Choosing a smaller A value with a smaller phase would relax this restriction significantly, but would also decrease the CP asymmetry.
The final part of the numerical analysis is devoted to the scan for maximal CP asymmetry among the four of eight channels (two light from Fig. 7 and two heavy ones from Fig. 8) over sensitive variables of the parameter space (M SUSY , m H − , M 2 , µ, tan β). We choose the following four channels;
, which seem most promising to yield larger asymmetries. For the sake of efficiency, we included some of the results of the previous parameter dependence. Since we verified that the effect of the phases arg(A b ) and arg(A τ ) are negligible, we set them to zero, while keeping the absolute value of A b , since there are diagrams with scalar-up/scalar-down quark loops which are not negligible. We also fix the phase of A t as π/2, as we know that it maximizes the CP asymmetry. The absolute values of A t and A b are chosen as 1.2 TeV, which appear to be values in the region which maximizes the asymmetry. Then we vary the rest of the parameters in the following ranges; M SUSY ∈ (600, 1200) GeV, m H − ∈ (600, 1500) GeV, M 2 ∈ (200, 1000) GeV, µ ∈ (−500, 500) GeV and tan β ∈ (2, 50).
In Figs. 7 and 8 , we present the scatter plots of the modes coded as blue and green. The blue dots only obey the basic mass lower bounds. As one can see, under these requirements only, each decay mode can generate a CP asymmetry as large as 30%
5 . Of course the input set for the parameters is different for each channel. These are listed for the maximal asymmetry points in Table I . The number of charged Higgs bosons needed to observe the predicted CP asymmetries is in the range of (10 5 − 10 9 ) × s 2 /ǫ. In the small panels in Figs. 7 and 8 we also showed the distribution of points in logarithmic
However, if in addition to the mass bounds, one adds the experimental constraints on b → sγ, (g−2) µ , ∆ρ and EDMs, only the green points on the graphs survive and the maximal 5 The mode
can also have blue points as large as 30% but we restricted the extent of the vertical axis for better resolution. asymmetries for each channel go down to few percent level, with the requirement of a larger number of Higgs to be produced for better statistics. Again, the maximal points and the corresponding input set and the required Higgs bosons are given in Table I as separate columns for comparison. As seen from the Table, for maximal asymmetry all four channels favor a heavy charged Higgs mass greater than 1 TeV and also either large or small tan β. In the case where we include only the mass bounds, the low M SUSY values in the chosen range (600, 1200) GeV are favored since in such cases m H − > mũ i + md j is satisfied, the squarks can go on-shell in the loop and contribute to A CP significantly 6 . However, the experimental which is small, but it is five orders of magnitude bigger than that of
. Note that the distribution of the points with respect to zero axis is not symmetric and the CP asymmetry is mostly positive especially for the green points which satisfy all constraints
). Though the relative sign is a prediction of MSSM, the absolute sign is a result of choosing the phase of A t to be positive.
V. SUMMARY AND CONCLUSION
We studied the CP asymmetry of the charged Higgs decays into pairs of charginos and neutralinos in the framework of the MSSM. We neglected the possibility of flavor violation in the squark sector. We first analyzed the partial decay widths and the corresponding branching ratios for these channels. A non-zero CP asymmetry requires an absorptive phase, for which we considered possible interference terms between tree-level and one-loop diagrams. We calculated the imaginary parts and presented both analytical expressions for the discontinuity in the diagrams with the help of Cutkosky rules, as well as numerical results. We have shown that the dominant phase is the one describing the left-right mixing the top scalar quark mass matrix and the asymmetry is maximum for arg(A t ) = π/2, while arg(A b ) and arg(A τ ) give negligible contributions. We analyzed the dependence of the asymmetry on the parameters of MSSM: M SU SY , µ, tan β, M 2 , |A t,b,τ |, arg(A t,b,τ ) and m H − . In each numerical and graphical investigation we include bounds from b → sγ, (g − 2) µ , ∆ρ and the EDMs.
We then performed a scan of the significant parameter space for maximizing the asymmetry, and correlate it to the number of charged Higgs needed to see the corresponding asymmetry shown to be proportional to (A 2 CP × Br) −1 . In the scan we included the experimental bounds on the masses of supersymmetric particles only, as well as the previously mentioned low energy bounds. We first note that the inclusion of mass bounds restricts the asymmetry slightly, while the other bounds pose more severe restrictions on the CP asymmetries. In particular, the EDMs, thought to restrict parameters in the up and down scalar quark only, impose severe restrictions even on the masses and mixing of the third family of scalar quarks, confirming the expectation that the scalar quark mass parameters must be in the TeV region. Heavy scalar quark masses and heavy gluino masses are also needed to satisfy the b → sγ constraint, while the bounds on (g − 2) µ and ∆ρ are not as stringent. Our analysis underscores the importance of including these constraints on the parameter space, like in the analysis of top quark production and decays [27] .
For the allowed regions, the most promising channel appears to be H ± → χ ± 1 χ 0 2 , where both the asymmetry can reach 7% and the number of charged Higgs required to observe them is yet the smallest, of order 10 6 × s 2 /ǫ. This channel may be competitive with the quark channels [3] . Of course, this is encouraging, as light charginos and neutralinos are most likely to be produced in charged Higgs decays in the first place. By comparison, the other channels are less promising. For instance, for heavy chargino-neutralino channel,
, almost 10 11 × s 2 /ǫ charged Higgs events (with a branching ratio of the order of 10 −9 ) are required for detecting an asymmetry of (8 -9)%.
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